Introduction
Collapse calderas are subcircular depressions in volcanic areas that are thought to form during rapid evacuation of a shallow crustal magma chamber and are associated with the most devastating type of volcanic eruptions (Williams, 1941; Lipman, 1997) . No major calderaforming eruptions have been witnessed by mankind, except for the Minoan eruption on the Santorini Island (~3600 BP) and the Great Toba caldera eruption (Indonesia) at 71,000 BP that is thought to have drastically reduced the genetic diversity of the human population (Ambrose, 1998) . Although the processes acting during caldera eruptions have been extensively studied in the field and laboratory (Cole et al., 2005) , the early development of magmatic systems responsible for such eruptions remain poorly understood and controversial. It is well accepted in the literature that large calderas are associated with large crustal magma chambers (de Silva, 1989; Francis et al., 1989; Ort et al., 1996; Lipman, 1997; Cole et al., 2005) . However, such magma bodies at depth are seldom geophysically constrained and clear evidence of in situ magma reservoirs beneath volcanoes is rare (Marsh, 2000) .
The subduction of the Nazca plate beneath South America is responsible for the uplift of the Altiplano-Puna plateau (16°S-26°S), part of the Central Volcanic Zone (CVZ, 14°S-28°S). The thickening of this high-elevated zone leads to extensive crustal melting (de Silva, 1989 ) that has resulted, during the last 20 million years, in one of the most voluminous explosive volcanic provinces in the world. Caldera collapses and associated ignimbrite deposits represent the dominant type of volcanism in this area, partially superimposed by younger stratovolcano edifices. Chile hosts 36 historically active volcanoes and 16 major calderas, with diameters of up to 50 km (Lipman, 2000) . The Altiplano-Puna plateau is known for its abundance of ancient large caldera collapses that occurred in geologic times, examples being La Pacana (60 × 30 km, long and short axis diameters, respectively), and Cerro Galán (35 × 20 km) .
In this work we focus on the Lastarria-Cordon del Azufre volcanic area ("Lazufre" after Pritchard and Simons, 2002) , a region composed of about 40 Quaternary volcanic centres surrounded by older caldera systems (Fig. 1) . Inflation of up to~1 cm yr − 1 during the period 1996-2000 was first observed using satellite SAR interferometry measurements by Simons (2002, 2004) . A more recent study showed that the rate of inflation had increased, such that at around 2005 it was 2.5 cm yr − 1 (Froger et al., 2007) . Here we analyse newly acquired SAR data from the Envisat satellite for the period 2003 to 2006 to better assess the temporal and spatial evolution of surface deformation at Lazufre, and to determine its source parameters. Analysis of the data suggests that the extent and rate of inflation is further increasing. Using a time series analysis, we are able to constrain the volume change and discuss the dimension of a proposed magma reservoir underlying this area.
The 2003-2006 deformation

InSAR data
In order to study land-surface deformation in the Lazufre area, we selected 11 Envisat SAR images acquired in descending orbit covering the period between March 2003 and June 2006. We processed the data using the software package SARscape (www. sarmap.ch) and generated 19 interferograms with perpendicular baselines ranging between 20 and 330 m (Fig. 2) . A 3 arc-second SRTM digital elevation model was used to correct for topographic effects and to geocode the interferograms. The differential interferograms were unwrapped using a growing region algorithm (Reigber and Moreira, 1997) to determine the absolute value of the range change. To reduce the InSAR typical noise we applied a low-pass Kernel filter on the geocoded unwrapped results and applied pairwise logic to discriminate between the displacement signal and atmospheric artefacts (Massonnet and Feigl, 1998) . Interferograms that show significant artefacts due to topographic, atmospheric or orbital errors were not considered in this study. However, the accuracy of InSAR measurements is still difficult to quantify due to the complexity of the cumulative error estimations (Massonnet and Feigl, 1998; Bürgmann et al., 2000) . The coherence of the InSAR pairs in the region is generally high for the observation time period of interest that is between 2003 and 2006. Fig. 3 shows four examples of the interferograms covering time intervals of 0.5 to 3.2 yr. The interferograms show the LOS (line-of-sight) displacement, where both the amount and spatial extent of the signal appear to increase with time. The maximum displacement rate is hence 2.8-3 cm yr − 1 for the observation period [2003] [2004] [2005] [2006] , which is~3 times more than that deduced from earlier InSAR observations for the period 1998-2000 (Pritchard and Simons, 2002) and slightly more than that estimated for the period (Froger et al., 2007 .
Volume and area increase
We now investigate the increasing rate of surface deformation by analysing the volume evolution of the uplifted area. We use interferograms with time spans from 140 up to 1155 days to compute incremental volume changes with time. We mask out the dataset below 1 cm to avoid the integration of sparse signals present below . The area affected by the deformation enlarged from about 300 ± 158 km 2 yr − 1 to 900 ± 124 km 2 yr − 1 (Fig. 4b) . We tested this rate by selecting another set of InSAR data, where the slave image of the first is the master image of the second interferogram, and so on. These yielded volume increases from 3 ± 1.5 to 9 ± 1.9 × 10 6 m 3 yr
, and area increases from 300 ± 158 km 2 yr − 1 to 1000 ± 320 km 2 yr − 1 (Fig. 4c, d ).
The rates of increase are thus very similar in both cases. As we will show in the next section, the deformation source underlying the Lazufre area is therefore increasing in its dimensions.
Source modelling
In order to characterise the source of the inflation, we performed an inversion in a two-step process. First, we constrain the depth of the source by applying a homogeneous dislocation source, and second, we discretize this source into smaller elements and calculate the distribution of opening.
The InSAR data are fitted using Okada's formulation (1985) to estimate the length, width, depth and uniform opening of a dislocation plane. Regarding the shape of the surface displacement, we constrained the strike (direction of deformation), the ratio between the length and the width, and define the source as horizontal. The inversion is done using a non-linear Levenberg-Marquardt algorithm via the minimization of the mean square misfit (Tarantola, 1987) . We find that, for the interferograms inverted, sources with depth from 8.5 to 13 km provide reasonable fit to the data. Fig. 5 shows the normalized InSAR data, together with the best fitting models derived from the inversion.
In the second working step, we constrain the optimal depth to be at 10 km, enlarge the horizontal plane at lateral edges and discretize it into smaller triangular elements (see also Lundgren and Lu, 2006) . We solve for opening on each of the elements using a linear inversion implemented by a boundary element approach (Maerten et al., 2005; Thomas, 1993) . Compared to the homogeneous slip models, the distributed slip models show better fits to the InSAR data due to the geometry of the source (Fig. 6) . The slip distribution suggests a maximum opening of 5 to 6 cm yr − 1 (Fig. 7) , equivalent to a fluid overpressure of about 20 MPa, assuming a mean value of 75 GPa for the crust rigidity. Moreover, by comparing the opening distributions for the various interferograms, we obtain information about the lateral expansion of the source. As shown in Fig. 7 , the source laterally expands with time, while the rate of volume change doubles over the 3-year time-period, from 6×10 6 m 3 yr − 1 to 12×10 6 m 3 yr
. This is several orders larger than common rates in arc volcanoes (Ingebritsen et al.,1989) . Our models suggest that the source expands from about 300 to 650 km 2 and is elongated in a NNE-SSW direction. An important implication is that the axes of the source propagate horizontally at a rate of up to about 4 km yr
, respectively. Although the total difference of volume (ΔV) of this assumed magma body is not yet comparable to that of ashflow systems, the spatial dimension of the source and the surface doming is already comparable to that of the largest known calderas. As discussed below, however, the total volume of the source may be much larger than its currently observed volume changes.
Discussion
During the Quaternary period, about 130 large calderas erupted worldwide (Newhall and Dzurisin, 1988) . Of these, about 10 caldera volcanoes are currently in a state of unrest (Siebert and Simkin, 2002) and only a few are closely monitored. One main difficulty is to detect and characterise the magma storage system, an important variable for volcano hazard assessment. As caldera formation requires a shallow crustal magma chamber, the latter could be detected prior to caldera evolution. In this study, we use InSAR data to obtain insights into the evolution of a volcanic area subject to inflation that may be linked to a N30 km diameter magma chamber. Our InSAR data suggest that the extent of uplift N1 cm is about 1100 km 2 , centred at 25.25°S and 68.49°W. As proposed by Pritchard and Simons (2004) , deformation in this region most probably started in early 1998 and may be related to magma intrusion. Our study reveals that this process continues and has even increased its rate of volume accumulation. We find that the detected normalized displacement rate tripled from 2003 to 2006, and the rate of volume increase has doubled over the same period.
Limitations of the models
Important information for Lazufre volcano complex were retrieved from InSAR data, however, we note that data handling and model building may depend upon the a-priori information available for the study object and the methods applied. Implementations with additional geophysical and petrological data can reduce a part of the actual limitations. The lack of such information does not support more complex model simulations including, for example, crustal heterogeneities that are known to have important effect on the source parameters (Manconi et al., 2007) . Uncertainty exists in the source location, strength and finite geometry. For instance, subvertical displacement data alone, without additional horizontal displacement measurements, is limited to constrain unambiguously the geometry of the deformation and subsequently the source parameters (Dieterich and Decker, 1975) . Besides modelling limitations, errors in geodetic data may also significantly effect the interpretation. The accuracy of InSAR measurements is still difficult to quantify due to the complexity of the cumulative error estimations (Massonnet and Feigl, 1998; Bürgmann et al., 2000; Hanssen, 2001) , and even under ideal conditions, only centimetre accuracy can be estimated in many cases. Therefore, our hypothesis and data interpretation may be influenced by the data quality, atmospheric and topographic artefacts, and filtering techniques applied, as well as simplifications that were necessary for the model calculations.
Multiple source evidence
Froger et al., 2007 proposed a second, smaller source of deformation in the northern part of the anomaly of Lazufre. This smaller source, located 1 km beneath the Lastarria volcano, is interpreted to represent shallow hydrothermal activity. In this study, we performed a different modeling strategy and therefore obtain slightly different results. While Froger et al. (2007) used uniform source model geometries constrained by InSAR observations to fit the surface deformation pattern, we use distributed slip models. Both are valid methods and complementary approaches and both well reproduce the InSAR signal. Our approach does not resolve the second shallow source, however, it brings new insights into the evolution of the source at depth and allows the estimation of the spatio-temporal evolution and propagation of the intrusion.
The comparison to other inflation caldera systems
The InSAR data presented herein shows that the diameter of the surface inflation is 45× 30 km wide. This dimension implies the presence of an extended magma body, which is also supported by geomorphology: The area displays a regional topographic dome of about 500 m height which has a central depression crowned by a ring of Quaternary volcanoes (Froger et al., 2007; Pritchard and Simons, 2002) . In addition, three major volcano lineaments represented by the Lastarria, two unnamed important volcanic fissures, Cordon del Azufre and Cerro Bayo converge radially to the central depression (see Fig. 1) . A dome and an apical depression crowned by a ring of volcanic centres are typical features for regions of inflation and of pre-caldera collapse stages (see also Lipman, 2000) .
In order to better place these dimensions in a global context, we compare different inflation regions detected by InSAR. Fig. 8 is a compilation of selected recent works at volcanic areas subject to inflation larger than 5 km in diameter. We retrieve approximate diameters from previous geodetic studies (Amelung et al., 2000; Feigl et al., 2000; Lu et al., 2000 Lu et al., , 2002a Pritchard and Simons, 2002; Masterlark and Lu, 2004; Pedersen and Sigmundsson, 2004; Newman et al., 2006; Lundgren and Lu, 2006; Wicks et al., 2006) and add also the dimension of the Lazufre area for the four observed periods shown in Fig. 3 . Fig. 8 shows, for instance, that only a few other volcanic systems show deformations comparable in size, namely Yellowstone and Long Valley in the USA, Uzon caldera in Kamchatka and the Hualca Hualca volcanic area in Peru (Pritchard and Simons, 2002; Wicks et al., 2006; Lundgren and Lu, 2006) . The Lazufre volcanic area has increased in size from about 300 km 2 to 1100 km 2 , with an average diameter from 20 km to~45 km (Fig. 8) , suggesting that Lazufre has the potential to become the largest deforming volcano system on Earth.
Source origin
Recent studies of caldera systems have proposed that hydrothermal activity instead of magma may cause ground displacements (Gottsmann et al., 2003; Battaglia et al., 2006; Hurwitz et al., 2007) . However, Lazufre shows no evidence for major hydrothermal activity that could be responsible for the observed deformation pattern, with hydrothermalism appearing to be limited to the fumarole activity on the . These models are consistent with a laterally expanding magma intrusion. Lastarria volcano (Froger et al., 2007) . Moreover, we believe that due to the buoyancy of hydrothermal fluids, they may prefer a vertical propagation direction rather than the horizontal propagation as identified by our InSAR time series models. Nonetheless, ongoing ground -truth data, such as repeated microgravity campaigns and seismic studies, will help to better constrain the nature of the source. We herein consider that the lateral expansion at depth is related to magma propagation, supposing an intrusion at the level of neutral buoyancy (Ryan, 1987) . This depth is slightly deeper than that based on thermobarometry studies of the Neogene ignimbrite products in the CVZ (Central Volcanic Zone), that show evidence of mineral phases in equilibrium typically in the depth range of 5 to 9 km (Schilling et al., 2006) . We note that the lower bound of our calculated source depth location is within this range, dependent upon the constraints applied during the inversion. Our magma intrusion hypothesis is in agreement with a study of the Puna plateau 200 km to the north, in which other authors propose that sub-horizontal crustal faulting is associated with mid crustal-magma sheet intrusions (Riller and Oncken, 2003) .
Earthquake triggering of magma intrusion
Of special interest is the question, why did the inflation of the Lazufre abruptly start in 1998. A connection with a series of tectonic-based earthquakes from 1995-1998 surrounding the Lazufre area may have encouraged a possible magma intrusion (Pritchard and Simons, 2002) . The megathrust M8.1 Antofagasta earthquake, which occurred in June 1995, was followed by a series of M N 6 earthquakes along with a M7.1 event in January 1998, located 250 km WNW from Lazufre. These events coincide with the start of the surface deformation observed at Lazufre. Earthquakes may have reactivated pre-existing structural weak zones in the volcanic arc and, hence, destabilized an existing magma body . Alternatively, the passing seismic waves may also have triggered a perturbation of a magma reservoir (Manga and Brodsky, 2006) . We emphasize that this does not necessary suggest a thin sill intrusion. We hypothesize that the source of the deformation could alternatively be related to the inflation of a larger, pre-existing magma body previously in a state of equilibrium (Fig. 9) . Earlier studies at a Galapagos caldera illustrated that a large magma chamber with a flat roof can produce the same amount and pattern of surface displacement as a thin sill (Yun et al., 2006) . The finite source of the deformation at Lazufre may therefore be much larger than the volume change estimation presented here. Evaluation of the thermal cooling of a magma body in a host rock may provide further insights on the dimension of the magma body (using standard thermal cooling estimates and ignoring the latent heat, see equations 4-149 to 4-150 in Turcotte and Schubert, 2002) . Our InSAR data can be explained by a sill intruding at a rate of 6 cm yr − 1 with a length of 35 km. If we consider a difference of temperature of 1000 K between the host rock and a sheet-like intrusion, the latter will completely solidify in about 1.5 h. InSAR data, however, shows a constant inflation over a time series of 9 years, implying that the magma body must be larger in order to remain fluid. We now follow an approach applied by Yun et al. (2006) and inversely calculate the minimum magma chamber thickness required for 9 years long intrusion duration. Assuming that the source of the Lazufre deformation has been constantly active since 1998-2006, the initial thickness of the magma chamber would have been at least 30 m (for a 1000 K temperature difference). Based on this result, the volume of the source would have been at least 6 km 3 . These models are very simplified, but provide a first-order estimation of a much larger and yet realistic magma body volume.
Conclusion
InSAR data reveal a wide, elliptical ground inflation area with a long axis~45 km in length and a LOS displacement of up to 3 cm yr − 1 . The volume and area involved suggest a continuously-increasing rate since 2003. We interpret the source of the inflation as a magma body up to 30 km in diameter, located at about 10 km depth. Even though it is unclear if this rapid and wide deformation is a precursor of an eruption at Lazufre, this study implies that apparently inactive zones may become subject to deformation and develop into large dimension systems within a matter of a few years. The total volume of the entire magma body remains unclear. The InSAR data shows a volume change Fig. 9 . Two scenarios that may equally well explain the pattern of the source geometry of the surface deformation at Lazufre. a) A sill expanding laterally at depth, and b) a larger, pre-existing magma chamber inflating at depth. , which probably reflects only a minor part of a larger magma reservoir.
